We describe the expression pattern of Sox8, Sox9 and Sox10 during the development of the chick embryo heart. These Sox genes constitute the group E of the large Sox family of transcription factors. We show that the expression of Sox8, Sox9 and Sox10 in the developing heart correlates with heart septation and with the differentiation of the connective tissue of the valve leaflets. Sox10 appears also as a specific marker of developing heart nerves. These findings fit with the occurrence of morphological and functional anomalies of the heart reported in humans deficient for Sox9 and Sox10. q
Results and discussion
Sox proteins constitute a large family of transcription factors characterized by a specific DNA-binding region named the high-mobility-group domain (HMG domain). They are involved in the control of many developmental processes (Healy et al., 1999; Sakaguchi et al., 2001; Kamachi et al., 1998) . Sequence homology outside of HMG domain allows to distinguish at least ten different groups (A-J) within this family of regulatory factors (Bowles et al., 2000) . Sox8, Sox9 and Sox10 constitute the subgroup E and share a high homology and similar genomic organization (Bowles et al., 2000; Schepers et al., 2000) . Mutations in Sox9 and Sox10 genes cause the Campomelic Displasya and the Waardenburg-Hirschsprungs syndromes, respectively (Pingault et al., 1998; Wagner et al., 1994) . Deficiencies in Sox8 have been implicated in the human alphathalassaemia/mental retardation syndrome (Pfeifer et al., 2000) but mice mutated for this gene are characterized only by weight reduction (Sock et al., 2001 ). Here we show that Sox8, Sox9 and Sox10 exhibit a dynamic expression during the development of the heart of the chick embryo.
Sox9 is expressed in the cushion tissue mesenchyme of the outflow tract and endocardial cushions of the heart loop of chick embryos between days 3.5 and 4.5 of incubation (Fig. 1A) . Expression in these structures increases in the following stages and is extended into the atrioventricular sulcus (Fig. 1B, C) . By day 7 of incubation transcripts are highly concentrated in the anlage of the valve leaflets and in the membranous portion of the interventricular septum (Fig.  1D) . From day 8, expression is restricted to the differentiating connective tissue core of the atrioventricular and arterial valve leaflets (Fig. 1E, F) . Sox8 is co-expressed with Sox9 in the domains corresponding to the arterial pole of the heart. Between days 3.5 and 4.5 of incubation transcripts of Sox8 are abundant in the whole outflow tract of the heart (Fig.  1G ). In the following stages expression becomes progressively restricted to the lower portion of the outflow tract and from day 6 transcripts are observed in the subvalvular region (conus; Fig. 1H ) and in the boundaries of the ostium secundum of the interatrial septum (not shown). These expression domains are maintained during days 9 and 10 of incubation (Fig. 1I) . Analysis of the expression in tissue sections reveals that at difference of Sox9 which is expressed in the whole core of the developing valves ( (02)00249-6 www.elsevier.com/locate/modo dothelial mesenchyme (Fig. 1Q, S) . In addition to Sox8 and Sox9, a reduced amount of Sox10 transcripts are also observed in the subendothelial tissue of the differentiating heart septa and atrioventricular valve leaflets. Initial expression occurs in the atrioventricular cushion and lower portion of the interauricular septum at day 5 of incubation ( Fig. 1J) . On the next day a reduced amount of transcripts is observed in the free margin of the atrioventricular valve leaflets (Fig.  1K, L) .
Several members of the Sox family including Sox4, Sox7, Sox17 and Sox18 are expressed in the heart (Pennisi et al., 2000; Katoh, 2002) and there is evidence for a function of Sox4 in the septation of the heart (Schilham et al., 1996) . The pattern of expression of Sox genes of the group E in the developing heart described previously fits with a function of these genes in heart septation and valvulogenesis. In accordance with this interpretation, ventricular septal defects and tetralogy of Fallot have been reported in the Campomelic Fig. 1 . Expression of Sox9 (A-F,P,R), Sox8 (G-I,Q,S), Sox10 (J-L) and Aggrecan (M-O) in the developing chick heart. The specimens belong to hearts at incubation days 4 (A,G,M), 5 (J), 5.5 (B), 6.5 (C,H,N), 7 (D), 8 (K,P-S), 9 (E,F,I) and 10 (L,O). Sox9 is first expressed in the outflow tract and atrioventricular canal (A,B) and next in the differentiating leaflets of both the auriculoventricular and arterial valves (C-F). Sox8 is first co-expressed with Sox9 in the outflow tract of the early heart (G) and next in the arterial valve leaflets and ventricular outflow tracts (H,I, arrow in I shows the aortic valve). Sox10 is co-expressed with Sox9 first in the atrioventricular cushion (arrow in J) and next in the auriculoventricular valve leaflets (arrows, K-L). Aggrecan is expressed in the cushion tissue mesenchyme and in the differentiating valve leaflets (M-O). P/Q and R/S are sections of the atrioventricular valves and aortic root (P,Q) and pulmonary valve (R,S).
Syndrome deficient in Sox9 (Houston et al., 1983) . A potential function of group E Sox genes might be to regulate the differentiation of the connective tissue. During chondrogenesis Sox9 in cooperation with other Sox proteins (Lefebvre et al., 1998 ) is a direct regulator of the expression of type II Collagen (Bi et al., 1999 and Aggrecan (Sekiya et al., 2000) genes. These extracellular matrix components are present in the cushion tissue mesenchyme and developing valves of the developing chick heart (Swiderski et al., 1994; Zanin et al., 1999) . In accordance with the observations of Ng et al. (1997) in the mouse we did not find a correlation between the expression of Type II collagen and Sox9 during the development of the chick heart. However, the domains of Sox8 and Sox9 are closely coincident with the expression of Aggrecan (Fig. 1M, O) .
The possible implication of Sox10 in the control of the inervation of the heart has been suggested due to the occurrence of alterations in the autonomic control of the heart dynamics reported in humans deficient for Sox10 (Korsch et al., 2001 ). Here we show that Sox10 is a selective marker of the developing nerves of the heart. As shown in Fig. 2 , nerves appear to spread through the ventricular surface of the heart. This process starts by day 6 of incubation progressing in the following days. In the anterior face of the heart, nerves come through the outflow tract ( Fig. 2A, C) , while in the diaphragmatic face of the heart the nerves descend through the auricular surface of the heart (Fig. 2B, D) . The cellular pattern of expression detected at high magnification (Fig. 2E) along with previous studies illustrating the role of Sox10 in the development of the peripheral nervous system (Britsch et al., 2001) , indicate that Sox10 regulates the formation of the glial components of the heart autonomic nerves.
Materials and methods
Fertilized chicken embryos (Rhode Island) incubated at 38.58C were employed in this study. The hearts were isolated from embryos ranging from days 3.5 to 10 of incubation. Microdissection of the isolated specimens was performed under the dissecting microscope to expose the internal structures of the heart. In situ hybridizations with digoxigenin-labeled RNA probes were performed in the microdissected heart fragments after fixation in paraformaldehyde and digestion with 10 mg/ml of proteinase K (Roche). We employed chick probes for Sox9 (kindly provided by P. Sharpe and C. Healy), Sox8, Sox10, and Aggrecan (provided by J.C. Izpisua-Belmonte). The study in whole mount specimens was also complemented by in situ hibridization in paraffin wax tissue sections using radiactive probes labeled with 35 S.
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